Arrested coalescence of multicellular aggregates by Oriola, David et al.
Arrested coalescence of multicellular aggregates
David Oriola,1, ∗ Miquel Marin-Riera,1 Germaine Aalderink,1 Kerim
Anlas,1 Nicola Gritti,1 James Sharpe,1, 2 and Vikas Trivedi1, 3, †
1EMBL Barcelona, Dr. Aiguader, 88, 08003, Barcelona, Spain
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Multicellular aggregates are known to exhibit liquid-like properties. The fusion process of two
cell aggregates is commonly studied as the coalescence of two viscous drops. However, tissues are
complex materials, which usually exhibit viscoelastic behaviour. It is known that elastic effects can
prevent the complete fusion of two drops, a phenomenon known as arrested coalescence. Here we
report the presence of this phenomenon in aggregates of mouse embryonic stem cells and provide
a theoretical framework which agrees with the experiments. In addition, agent-based simulations
show that cell protrusion activity controls a solid-to-fluid phase transition, revealing that arrested
coalescence can be found in the vicinity of an unjamming transition. By analyzing the dynamics
of the fusion process it is possible to infer mechanical parameters of the aggregates, such as the
viscoelastic relaxation time and the elastocapillary number. Our work provides a simple in vitro
method to characterize the mechanical properties of 3D multicellular aggregates and sheds light on
the impact of cellular activity on tissue mechanics.
Shaping of organs during morphogenesis results from
the material response of the constituent tissues to the
forces which in turn are generated by them. Understand-
ing the material properties of biological tissues holds
key to elucidate how shape and form emerge during
morphogenesis both in vivo during embryonic develop-
ment [1, 2], as well as in vitro in the context of synthetic
morphogenesis [3–5]. For instance, viscous dissipation
allows tissues to gradually change their shape without
accumulation of significant stresses [6, 7] and adapt to
different environments. Embryonic tissues are known
to exhibit liquid-like properties: they round up [8, 9],
fuse [10], engulf other tissues [11] and segregate or sort
from heterotypic cell mixtures [12, 13]. However, tissues
are also known to exhibit elastic behaviour which can
critically affect the final tissue configuration [8, 9, 14].
Unlike viscous forces, which only affect the rate of defor-
mation of the tissue, elastic forces can resist deformation
leading to a non-trivial final tissue configuration. Indeed
jamming [14] and viscoelastic [8, 15] effects have been
shown to be critical in different morphogenetic processes.
The mechanical properties of tissues have been mea-
sured using a wide range of techniques (for a detailed
review see Refs. [16, 17]). Absolute measurements of
the tissue surface tension and the material properties
of tissues are possible by using microplates [8, 18, 19],
axisymmetric drop shape analysis [9, 20], micropipette
aspiration [21] and drop sensors [22, 23]. In all cases,
an external force is used to probe the system. A few
methods have been used to obtain relative measurements
at the tissue scale: laser ablation [24] and the fusion of
tissue aggregates [25–27]. In both cases the measured
velocities can be related to material properties. In the
first case, the strain rate is related to ratio of tissue
stress and viscosity [24], while in the second case the
speed of fusion is dictated by the viscocapillary velocity,
which is the ratio between tissue surface tension and
viscosity [26, 28–31]. Of all the previous methods,
limited appreciation has been given to the fusion method
[27, 32], which is arguably one of the simplest methods
to obtain relative measures. Additional advantages
of the method are the fact that there is no need of
a calibrated probe and it is a non-contact method
[16]. The fusion of viscoelastic droplets is known to
exhibit a phenomenon known as arrested coalescence
[33–35], whereby the degree of coalescence is related to
the elasticity of the material. The stable anisotropic
shapes it can produce, have been exploited extensively to
produce emulsions in a wide range of industries like food,
cosmetics, petroleum and pharmaceutical formulations
[33–37]. Despite the fact that the sintering of viscous
droplets is a well known problem [26, 28–31, 38, 39],
a mathematical formulation akin to the one of Frenkel
and Eshelby [28, 40] for the case of two coalescing vis-
coelastic solid drops is, to our knowledge, still missing.
Furthermore, this phenomenon has received only lim-
ited appreciation in the context of tissue engineering [41].
In this work, we report the observation of arrested
coalescence in mouse embryonic stem cell aggregates and
show that a minimal Kelvin-Voigt model successfully
captures the dynamics of the process. By fitting our
model to the experiments, the viscoelastic relaxation
time τv and the elastocapillary number Ec can be
obtained. Finally, by using agent-based simulations of
the fusion process, we show how active cell protrusions
drive a solid-to-fluid phase transition and how the



























Experimental results. Mouse embryonic stem cells
(E14 stem cells) were cultured in Dulbecco’s Modified
Eagle Medium (DMEM)-based ESLIF medium and
∼ 300 cells/well were aggregated in 96-well U-bottom
microplates (Greiner Cellstar, #650970) in 40 µL
NDiff227® (Takara Bio, #Y40002) media for 24h (Fig.
1A). Fusion experiments were carried out by placing two
mouse embryonic aggregates in contact with each other
(Fig. 1B). The multicellular aggregates were imaged in
brightfield mode every 10 min for 10h in a high-content
screening PerkinElmer Opera Phenix® system. In Fig.
1C an example of the fusion of two cellular aggregates is
shown. Arrested coalescence started ∼ 3h after fusion
(Fig. 1C and Movie S1), with anisotropic shapes main-
tained for the next ∼ 7h. Image analysis was done for
each aggregate using a custom machine learning-based
pipeline (see Supplementary Material). This allowed
us to obtain the time evolution of the fusion angle θ
(see Figs. 1D and 2A). During the fusion process, the
aggregates increased in size due to cell proliferation. To
quantify the change in radius we imaged the growth
of single aggregates. The average initial radius was
R0 = 96.7 ± 0.6 µm (n = 10, see Supplementary
Material) and it increased linearly over time (see Fig.
1E). After the fusion process (∼ 4h) the radius of the
aggregates increased by ' 5%, corresponding to a ' 15
% increase in volume. The doubling time of cells was
estimated by simply fitting a linear function to the time
evolution of the aggregate radius (see Supplementary
Material) and was found to be T = 13.8± 0.4 h (n = 10,
mean ± SD). Given that the fusion process is ∼ 3 times
faster than cell division, we conclude that the volume of
the cell aggregates does not significantly change during
the fusion process.
Continuum model. In order to understand the fusion
dynamics, we considered each multicellular aggregate as
a drop of an homogeneous incompressible Kelvin-Voigt
material with effective shear viscosity η, elastic modulus
E and surface tension γ. This simple constitutive model
has been shown to be successful in describing the me-
chanical properties of multiple types of tissue explants
[9] and it is arguably the simplest model to describe ar-
rested coalescence [35]. The constitutive equation for
the stress tensor σ reads σ = 2ηε̇ + Eε − P I, where
ε = 12 [∇u + (∇u)T] is the symmetric strain tensor, P
is the hydrostatic pressure and u is the displacement
field. Given that cell proliferation is negligible on the
timescale of fusion, we approximate the continuity equa-
tion as ∇ · u̇ = 0. Force balance in the bulk and on the
surface read ∇ · σ = 0 and σ · n = 2γHn, respectively,
where H is the local mean curvature of the surface and n
is the unit normal vector to the surface. Next, following
the work in Refs. [28–31], we approximate the assem-
bly as two identical spherical caps of radius R(θ) with
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FIG. 1. Arrested coalescence of embryonic stem cell aggre-
gates. A) Spheroids were formed by aggregating mouse em-
bryonic stem cells in low adhesion U-bottom multiwell mi-
croplates. B) Cell aggregates were placed in close contact at
24h after aggregation and the fusion process was imaged using
a high content microscopy system. C) Bright field images of
a fusion event showing the resulting anisotropic shape of the
assembly. Notice that the anisotropic shape of the assembly
does not change significantly from ∼ 2h to 10h. D) Fusion
dynamics quantification showing the averaged time evolution
of sin2 θ, where θ is the fusion angle of the assembly (see Fig.
2). E) Average radius of a single aggregate over time. Scale
bar: 50 µm.
with fusion angle θ (see Fig. 2A). The dependence of
the radius R on θ is determined by the incompressibility
condition (see Supplementary Material). The dynamics
of the fusion process will be described by the evolution
of θ(t). Let us assume the axis of fusion as ex (see Fig.
2A). The end-to-end length L(θ) of the fusion assembly
along this axis will be given by L(θ) = 2R(θ)(1 + cos θ).
It is known that coalescence of viscoelastic solid drops
can be suppressed for sufficiently large values of the elas-
tic modulus [35]. The physics at the onset of fusion is
not captured by our hydrodynamic model and has its
origin on the cell-cell interactions between the two ag-
gregates. To account for such effect we incorporate a
pre-strain to the assembly by considering a shift on the
rest length L′(0) = L(0) + δL, being δL/L(0)  1. The
strain is approximated as ∂xu ' −ε(θ), with ε(θ) =
[L′(0)− L(θ)]/L′(0) ' εP + εL(θ), where εP = δL/L′(0)
is a pre-strain and εL(θ) = 1 − R(θ)2R0 (1 + cos θ) is the
strain caused by fusion [35]. The corresponding strain
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rate reads ∂xu̇ ' −ε̇(θ) = 12R0
d
dt [R(θ)(1 + cos θ)]. The
previous expression differs from the one used in Refs.
[26, 28–31], where strain is defined using the distance be-
tween the center of a droplet in the assembly and the
fusion plane (i.e. R(θ) cos θ), as opposed to the end-to-
end length L(θ). Both expressions are only equivalent for
small angles (i.e. θ  1). We will use the end-to-end dis-
tance definition to be consistent with previous studies on
arrested coalescence [35], where the maximum strain for
complete coalescence reads εL(π/2) = 1 − 2−2/3 ' 0.37.
Using the previous expressions we can calculate the dy-
namics of θ by equating the work per unit time done by
the bulk and surface forces [31] (see Supplementary Ma-


























































FIG. 2. A) Schematics of two identical droplets fusing along
the ex axis. θ is the angle of fusion which is π/2 for complete
coalescence and takes a value in the range (0, π/2) for arrested
coalescence. R(θ) is the radius of each aggregate, r(θ) is the
neck radius during the fusion process and L(θ) is the end-to-
end length. B) Time evolution of (r/R)2 = sin2 θ as a function
of the inverse elastocapillary number β for τ = 4 h and εP =
0.11 by solving Eq. 1. C) Bifurcation diagram showing the
steady state coalescence angle θmax as a function of β/βc. For
β < βc the system undergoes a pitchfork bifurcation where
the non-fused state loses stability in favour of the fused state.
The numerical steady state solution of Eq. 1 is shown as a
solid line while the approximate analytical solution assuming
R(θ) ≈ R0 is shown as a dashed line (see Supplementary
Material). εP = 0.11. D) Pre-strain dependence of θmax on









where τ = ηR0/γ is the characteristic viscocapillary
time, Ec ≡ β−1 = γ/(ER0) is the elastocapillary number
[42] and f(θ), g(θ) are functions that depend on the angle
θ (see Supplementary Material). The elastocapillary
number can also be expressed as the ratio of the two
main timescales in the system Ec = τv/τ where τv = η/E
is the viscoelastic relaxation timescale. For small angles
and Ec → ∞, Eq. 1 reduces to the typical form for
the sintering of viscous drops [30, 31]. Considering
the inverse elastocapillary number β as our bifurcation
parameter, we find that for β > βc = 2/εP , elasticity
overcomes surface tension and the stable state is θ = 0,
i.e. no fusion (see Supplementary Material). However,
for β < βc, the system undergoes a pitchfork bifurcation
whereby the state θ = 0 becomes unstable and droplets
fuse (see Fig. 2,B,C). This critical condition β = βc is
equivalent to σP =
2γc
R0
, which means that coalescence
starts when the Laplace pressure equals a pre-stress
σP = EεP . Finally, in Fig. 2D we show the dependence
of the maximum fusion angle θmax on the pre-strain
εP , which significantly varies for large pre-strains. To
fit our model to the experimental data, for simplicity
we assumed εP = 0. The curves were averaged over
15 aggregate fusion events and the resulting curve was
numerically fitted to the solution of Eq. 1 (see Fig. 1D).
The fitted values read β = 6.7± 0.2 (Ec = 0.149± 0.004)
and τ = 12.5±0.5 h, giving a viscoelastic relaxation time
τv = 1.9 ± 0.1 h (mean ± SD, n = 15). Considering an
elastic modulus of embryonic tissues of E ∼ 100 Pa [19]
and R0 ' 100 µm, we obtain γ ∼ 1 mN/m and η ∼ 105
Pa·s, which compares well with the typical values
obtained in parallel plate compression or micropipette
aspiration experiments [19, 21].
Agent-based simulations. Despite the Kelvin-Voigt
model providing a good fit to the experimental data, the
rheology of cell aggregates is indeed much more compli-
cated and it is unclear how cell-cell interactions give rise
to the effective macroscopic mechanical properties ob-
served. To understand this, we turned to agent-based
simulations of cellular aggregates using the GPU-based
software ya||a (see Fig. 3A), which supports easy imple-
mentation of diverse cellular behaviours [43]. For simplic-
ity, we considered a minimal model taking into account
adherent and contractile protrusion interactions between
cells. The dynamics of a cell i with center at xi reads:






where 〈ẋj〉i is the average velocity of the neighbouring
j cells of cell i, Fsij is a passive cell-cell interaction
force and Faij is an active force to model contractile
cell protrusions, which are known to be important in
convergence-extension and cell sorting processes [44, 45].
Friction forces are considered to be proportional to
the relative velocity of neighbouring cells with friction
coefficient λ, a typical assumption used in foam and
colloidal systems [46, 47] as well as in tissues [48, 49].
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Cells have radius r0 and the distance between a pair
of cells i and j is denoted as rij = xi − xj . The
passive cell-cell interaction force has a repulsion har-
monic force Fsij = Kr(2r0 − |rij |)r̂ij for |rij | < 2r0
and a truncated harmonic attractive force such that
Fsij = Kadh(2r0 − |rij |)Θ(rmax − |rij |)r̂ij for |rij | > 2r0,
where r̂ij = rij/|rij |. The first term describes excluded
volume interactions between cells while the last one
describes cell-cell adhesion. The active part Faij consists
of cells randomly selecting a nearest neighbour and
applying a constant force Faij = −Fpr̂ij if |rij | > 2r0,
where Fp > 0 is defined as contractile (see Supplemen-
tary Material). The choice of a constant protrusion force
is a simplification of more complicated velocity-force
relationships found experimentally [50]. We associate
a lifetime to each protrusion τon and analogously, a
waiting time τoff . Thus a protrusion duty ratio can be
defined as α = τon/(τon + τoff). The previous protrusion
dynamics is similar to a shot noise process of active
origin [51]. Hence, protrusion interactions introduce
force dipoles stochastically in the cell aggregate, which
are known to induce cell-cell rearrangements and fluidize
tissues [52–54].
We analyzed the fusion dynamics in the simulations
by using the end-to-end length of the assembly as in the
experiments and varied the protrusion force Fp and the
duty ratio α (see Fig. 3). We fitted Eq. 1 to the av-
eraged dynamics (Fig. 3B) and extracted the effective
macroscopic parameters τ and β. The study revealed the
presence of three main regimes according to the inverse
elastocapillary number β (see Movies S2-S4): (i) no coa-
lescence (β & 50), (ii) arrested coalescence (50 & β & 2)
and (iii) complete coalescence (β . 2) (Fig. 3C), which
qualitatively agree with the regimes found in the con-
tinuum model (see Fig. 2). The same regimes are also
identified when studying the characteristic viscocapillary
time τ (see Fig. S1). These results suggest the system
undergoes a solid-to-fluid transition for increasing pro-
trusion strength or duty ratio. To assess if the observed
transition is similar to a rigidity or a jamming transi-
tion, we studied the relative mean squared displacement
of cells (Fig. 3D). We found that in regimes (i) and
(ii) the behaviour was subdiffusive while the behaviour
was mainly diffusive in regime (iii). In addition, we ob-
served that the viscoelastic relaxation time τv showed a
clear peak at the transition point (see Fig. 3D, inset).
Finally, by performing compression/relaxation cycles in
parallel plate compression simulations on the aggregates
(see Movies S5, S6) we identified the presence of a yield
stress in regime (ii), below which the deformation was
not recovered during the relaxation process, indicating a
plastic behaviour of the material [55]. Hence, we con-
clude that in our system, arrested coalescence is found








































































































FIG. 3. A) ya||a agent-based simulations of the fusion of two
cell aggregates for Fp Kadhrmax = 0.125 and α = 1. B) Aver-
aged time evolution f sin2 θ over time (n = 10) in the simu-
lations for different cell protrusion strengths Fp/Kadhrmax =
(0.025, 0.061, 0.098, 0.134, 0.171, 0.208). Kadh/Kr = 1,
r0/rmax = 0.4, λ/Kadhτon = 1, α = 0.234, and 1000 cells
per aggregate. The numerical fits are done using Eq. 1. C)
Colormap of log β in parameter space. Three distinct regions
can be identified corresponding to no coalescence, arrested
coalescence and complete coalescence. D) Mean squared rel-
ative displacement of cells as a function of time for different
protrusion strengths Fp/Kadhrmax (same values as in panel
B). Cells change from a subdiffusive (∼ t0.3) to a diffusive
(∼ t) behaviour for increasing Fp. Inset. Viscoelastic relax-
ation time vs protrusion strength.
Discussion. Here we report the phenomenon of
arrested coalescence in mouse embryonic cell aggregates
and present a viscoelastic theory of sintering to under-
stand the dynamics of the process. We show that a
minimal agent-based model considering cell-cell adhesion
and dipolar contractile protrusions reproduces arrested
coalescence. Additionally, we find that cell protrusion
activity controls a solid-to-fluid transition. By combining
simulations and continuum theory, we are able to study
the dependence of different hydrodynamic quantities
on cell-cell interactions. The role of cell protrusions
is twofold: on the one hand, it leads to a fluidization
process (Fig. 3D) and, on the other hand, it creates an
effective surface tension γ that drives the coalescence
of the cell aggregates. Although the solid-to-fluid
transition is of active origin, it is different from other
transitions observed in models of self-propelled particles
[56, 57] since the protrusion interactions only introduce
dipolar forces. The transition we find resembles recent
rigidity transitions driven by active tension fluctuations
at cell-cell contacts [58]. Finally, an intrinsic limitation
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of our particle-based simulations is the absence of cell
shape changes which are known to be critical in tissue
rheology [58–61]. Further work should be done to
incorporate such effects for example by means of 3D
vertex models [62].
Continuum descriptions of drop coalescence have been
mainly limited to purely viscous drops [28–31]. This has
limited the use of such theories to the determination of
viscosity and surface tension, despite tissue stiffness and
viscoelastic effects having important implications for tis-
sue engineering and being known to play a major role in
cancer [63, 64]. By combining the present method with
AFM or microplate experiments, it is possible to obtain
a fast, inexpensive full mechanical characterisation of
3D tissue aggregates. We envision that future work on
the theory of sintering for viscoelastic materials will be
important in the formation of biological structures in
vitro using bioink units [65].
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